abstract: Allen's rule proposes that the appendages of endotherms are smaller, relative to body size, in colder climates, in order to reduce heat loss. Empirical support for Allen's rule is mainly derived from occasional reports of geographical clines in extremity size of individual species. Interspecific evidence is restricted to two studies of leg proportions in seabirds and shorebirds. We used phylogenetic comparative analyses of 214 bird species to examine whether bird bills, significant sites of heat exchange, conform to Allen's rule. The species comprised eight diverse taxonomic groups-toucans, African barbets, Australian parrots, estrildid finches, Canadian galliforms, penguins, gulls, and terns. Across all species, there were strongly significant relationships between bill length and both latitude and environmental temperature, with species in colder climates having significantly shorter bills. Patterns supporting Allen's rule in relation to latitudinal or altitudinal distribution held within all groups except the finches. Evidence for a direct association with temperature was found within four groups (parrots, galliforms, penguins, and gulls). Support for Allen's rule in leg elements was weaker, suggesting that bird bills may be more susceptible to thermoregulatory constraints generally. Our results provide the strongest comparative support yet published for Allen's rule and demonstrate that thermoregulation has been an important factor in shaping the evolution of bird bills.
Introduction
The size and shape of bird beaks and bills have provided biologists with some of the most interesting material with which to study evolutionary processes. The conventional view is that beaks have evolved in relation to foraging. Classic studies of Darwin's finches in the Galápagos in particular have highlighted how inter-and intraspecific differences and changes in beak morphology are related to dietary type (Lack 1947) , environmental change (Grant and Grant 1994) , and ecological competition (Grant and Grant 2006) .
Less widely appreciated is that bills play an important role as a surface for heat exchange (Hagan and Heath 1980; Midtgard 1984; Phillips and Sanborn 1994; Scott et al. 2008 ; see also fig. 1). The extent to which the bill can be used as a thermoregulatory organ has been recently demonstrated in the toco toucan Ramphastos toco, where between 30% and 60% of body heat production is routinely lost through the bill (Tattersall et al. 2009 ). Blood flow through the network of supportive blood vessels beneath the keratinized surface is augmented at high temperatures and restricted in the cold, with bill surface temperatures tracking the underlying blood flow.
Allen's rule (Allen 1877) posits that, in endothermic species, the relative size of body extremities, such as limbs, tails, and ears, is smaller in colder environments, in order to reduce thermoregulatory costs. In most endotherms, uninsulated regions of the body generally serve as potential "thermal windows" of modifiable heat exchange with the environment (Phillips and Heath 1995; Speakman and Ward 1998) . The size of these thermal windows may therefore be expected to be under selection in relation to the prevailing thermal environments.
In contrast to some other ecogeographical rules, Allen's rule has been largely ignored in the literature, although it prompted a lively, if largely unresolved, debate in the 1950s (Scholander 1955 (Scholander , 1956 Mayr 1956 ). Empirical evidence for Allen's rule is almost entirely confined to occasional descriptions of clines within individual species (mostly mammals) over their geographic range (e.g., Ray 1960; Johnston and Selander 1971; Griffing 1974; Stevenson 1986; Lindsay 1987; Fooden and Albrecht 1999; Lazenby and Smashnuk 1999; Yom-Tov et al. 2002) .
Although explanations for Allen's rule are usually couched in evolutionary terms (selection against larger appendages in colder environments), observations of retardation of limb growth in colder environments has led to a recent suggestion of an ontogenetic mechanism that may explain Allen's rule (Serrat et al. 2008) . However, single-species observations of geographical and ontogenetic variation in morphology make it difficult to support, or argue against, an evolutionary basis to the rule, but comparative studies across many species provide an opportunity to test the rule in an explicit evolutionary framework. Surprisingly, wider cross-species comparative evidence for Allen's rule is confined to two relatively small studies of leg dimensions in shorebirds and seabirds, respectively (Cartar and Morrison 2005; Nudds and Oswald 2007) .
Most studies invoking Allen's rule have focused on limb elements, and yet, given their thermal capacities, bird bills should also exhibit geographical clines in size related to their thermal environment (Rensch 1938; Mayr 1970 ). Intraspecific geographical variation in bird bills in the direction predicted by Allen's rule has been observed within bird species (e.g., Snow 1954; Partridge and Pring-Mill 1977; Laiolo and Rolando 2001; but see, e.g., Wiedenfeld 1991; Bull 2006) , but the theory, as applied to bird bills, has until now never been tested in a wider comparative evolutionary context.
We tested Allen's rule using phylogenetic comparative analyses of bill lengths in 214 species of birds from eight diverse taxonomic groups across three temperature biomes and in multiple continental locations (see "Methods"). We predicted that mean bill length would be shorter in species found at higher latitudes or altitudes (or colder environments more generally). We compared our results to trends in the lengths of leg elements, which, as exposed appendages, were also predicted to be smaller in colder environments.
Methods

Choice of Study Taxa and Data Collation
The eight bird groups (with sample sizes and predominant distribution) examined in the analyses were South American toucans and toucanets (Ramphastidae; 34 species, tropical), African barbets and tinkerbirds (Lybiidae; 41 species, tropical), Australian parrots and cockatoos (Psittaciformes: Psittacidae and Cacatuidae; 51 species, warm temperate), Australian grass finches and manikins (Estrildidae; 19 species, warm temperate), Canadian grouse, quail, ptarmigans, and wild turkey (Galliformes: Phasianidae, Tetraonidae, and Meleagrididae; 13 species, cold temperate), Australian, New Zealand, and Antarctic penguins (Spheniscidae; 15 species, cold temperate), gulls (Laridae; 23 species, worldwide), and terns (Sternidae; 18 species, worldwide).
The two seabird families (Laridae and Sternidae) were included to enable comparison of results for bill size with the trends in leg elements shown by Nudds and Oswald (2007) . The reasons for choosing the remaining six groups were as follows. First, all six groups represent coherent taxonomic assemblages confined within specific continental locations (to avoid confounding effects of comparing species found in disjunct geographical regions). Second, dietary mode is similar within each group, and all the birds have functionally analogous bills with broadly similar structural dimensions. This is important because it minimizes the danger that factors other than temperature, such as foraging strategy, are confounding results. Third, these birds are nonmigratory, so geographic and climate data should more accurately reflect the birds' environments, eliminating the possibility of behavioral thermoregulation through migration. Of the tropical groups, the Ramphastidae were chosen as a study group because of the recent demonstration of thermoregulatory scope in their beaks (Tattersall et al. 2009 ). The closely related Lybiidae represent a very functionally similar (both groups are largebeaked omnivores) tropical radiation in another continent. Of the subtropical to temperate groups, the Australian Psittaciformes were also chosen because of their prominent robust beaks, which have been suggested to exhibit geographic trends in size (Higgins 1999) . The estrildid finches were included by comparison as birds with predominantly the same dietary mode (granivory) and location as the parrots but with much smaller body size. Finally, the two cold temperate groups provide a test of species where the thermal selection pressures would be expected to be strongest. Penguins were chosen on the basis of the suggestion of Allen's rule trends in bills and toes by Müller-Schwartze (1984) . Canadian galliforms were chosen by comparison as a terrestrial group in subpolar environments. Broadly speaking, the groups represent an extremely diverse taxonomic, geographic (spanning five continents), and ecological (marine and terrestrial groups, granivores, piscivores, omnivores) assemblage with which to test Allen's rule.
For body size and morphological variables, we calculated mean values for each species. Data were collated from the published literature on body mass and bill length (i.e., exposed culmen length) for each species. Bill length was chosen because it is by far the most commonly reported bill size measurement in the literature and serves as a very good proxy for bill area (e.g., for the Australian parrots, the correlation between bill length and bill area is r p ; species; data are from Higgins 1999). Data 0.984 n p 26 on lengths of leg elements differed according to group. For the first five groups in our analyses, tarsus length information was used. In the case of penguins, insufficient tarsus length information was available, so middle toe length was used instead. For gulls and terns, the combined length of the tarsometatarsus and middle toe was taken from Nudds and Oswald (2007) to represent exposed leg length. Species mean values for these variables were either directly taken from the source reference or calculated on the basis of values reported in those references. Thus, if the reference presented information on bill size in several different populations, we calculated an overall mean on the basis of the individual populations' means and sample sizes. In order to avoid confounding effects of sexual dimorphism, caused by sexual selection acting on male beak size, female data were used as far as possible, but in some cases where this was not specified, unsexed data sufficed. The raw data, with source references, along with the latitudinal, altitudinal, and temperature data (see below), are available via the Dryad data depository (http://hdl.handle .net/10255/dryad.1422).
Latitudinal, Altitudinal, and Temperature Information
Published range maps were used to determine the midpoint latitude of the species range. For the gulls and terns, we use the midlatitude data provided by Nudds and Oswald (2007) . In the case of the Ramphastidae and Lybiidae, we also collected data on the midpoint of the species' altitudinal range (in meters).
Because latitude and altitude serve as proxies for other climatic variables, we also estimated environmental temperature data for our species using the same methodology as Nudds and Oswald (2007) . The midpoint of the species range (midpoint latitude and midpoint longitude) was calculated and used to obtain the annual mean minimum temperature (T min ) for that location from the climate record generated by New et al. (1999) . That data set does not cover oceanic environments and is poor for the Antarctic region, so for the penguins we used mean minimum sea surface temperature for the same period calculated from the HadISST_SST version 1.1 database produced by the Met Office and available online at http:// badc.nerc.ac.uk/data/hadisst/. These raster data were extracted using ArcView version 3.2 (http://www.esri.com). Because sea ice interferes with these estimates on an annual basis, we extracted T min data for the midpoint of the penguins' ranges for March, when sea ice is at a minimum. Even using the above technique, we were unable to generate satisfactory T min data for the two most southerly penguin species in our analysis. Therefore, we estimated T min for these species by extrapolating the relationship of T min with latitude ( ) from the other 13 penguin r p Ϫ0.970 species. The T min data for the gulls and terns were the same as those used by Nudds and Oswald (2007) and were kindly provided by those authors (R. Nudds, personal communication) .
Statistical Analyses
Relationships of bill length and leg-element length with latitude, altitude, and minimum temperature were calculated controlling for body mass and phylogeny. Phylogenetic comparative analyses were performed using phylogenetic generalized least squares (PGLS; Martins and Hansen 1997) , as implemented through the package COMPARE (Martins 2004) . Morphological variables and body mass were log transformed before analysis. Since nonnormality was not a problem with latitude, altitude, and T min , these were untransformed, except in the case of the group analyses of gulls and terns, where Nudds and Oswald's log-transformed measure of latitude was used. To control for body mass, we calculated multiple regressions in COMPARE, predicting bill length (or leg-element length), with both latitude (or altitude or minimum temperature) and body mass as predictors. The metric of the phylogenetic signal in the data, a, was calculated and then applied to subsequent PGLS calculations of the univariate correlations between each pair of variables, from which the partial correlation coefficient (and hence R 2 value) of the relationship of interest was calculated by standard statistical means. For graphical representations ( fig. 2) , partial residual plots were used, which illustrate the relationship between an independent variable (latitude, altitude, or T min ) and the response variable (bill length) after controlling for other variables (body mass; Ryan 2008) . A partial residual is calculated as the unstandardized yresidual from the regression of a trait against body mass added to the mean value for the trait.
Comparative analyses were carried out on all 214 birds together and on each of the eight bird groups separately. The phylogenies used as the basis for the analyses were collated from various published sources. Most of the groups (with the exception of penguins, gulls, and terns) do not, as yet, have complete phylogenies of all species. Therefore, composite trees were compiled using the available intergeneric phylogenies, "slotting in" intrageneric phylogenies from studies that focused specifically on the genera of interest. As far as possible, phylogenetic information was used, but in some cases of poor resolution, taxonomic information from published or online sources was also employed. For gulls and terns, we used the same phylogenies used by Nudds and Oswald (2007) . The full details of the phylogenies, including sources, are available through the Dryad data depository (http://hdl.handle.net/ 10255/dryad.1433).
Because in most cases branch length information was unavailable, all branch lengths were set to the same length (1). This includes the analyses of gulls and terns, even though branch length information was available, in order to ensure consistency in approach with the groups in our analysis. The analyses therefore corresponded to Nudds and Oswald's analyses that assumed a punctuational model of evolution. PGLS cannot deal with polytomies; therefore, with the few cases in our phylogenies where relationships remained ambiguous, we arbitrarily resolved the polytomies and assigned them minimal branch lengths (0.001). Hence, these relationships have almost no weighting or influence in the final calculations.
Results
Relationships of Bill Length and Body Mass to Latitude, Altitude, and Temperature
After controlling for body mass and phylogeny, across all 214 species in the analyses there was a strongly significant negative relationship between bill length and latitude and a positive relationship between bill length and temperature ( fig. 2 ; table 1). Within groups, six of the eight bird groups displayed significant negative correlations between bill length and either latitude or altitude. Bill size was smaller on average in species found at higher latitudes for the Canadian Galliformes (grouse, quail, ptarmigans, and wild turkey), Spheniscidae (penguins), Laridae (gulls), and Sternidae (terns). In the Australian Psittaciformes (parrots and cockatoos), the relationship was very close to significance ( ), while there appeared to be no rela-P p .051 tionship with latitude in Estrildidae (grass finches), the Ramphastidae (toucans), or the Lybiidae (African barbets and tinkerbirds). However, the latter two tropical families exhibit smaller bills at higher altitudes. The significant relationships we found were strong, with between 16% and 66% of the variation in bill length being explained by latitude or altitude. By contrast, we found no convincing or consistent evidence of latitudinal or altitudinal trends in body mass (see table 1). Relationships with temperature (T min ) were less consistent, but there were significant positive relationships with species with bigger bills being found in warmer climates for the Australian parrots, the penguins, the Canadian galliforms, and the gulls. In the latter two groups, the relationships were particularly strong ( ).
2 R 1 50%
Comparison with Leg Elements
There was a significant negative association between latitude and leg elements in the Canadian galliforms only (tarsus length; see table 1 ). This group also demonstrated a significant positive relationship with T min . Penguins also exhibit the same trends between toe length and both latitude and T min ( ). In both the gulls and the P p .065-.067 terns, there is a far stronger relationship between bill length and latitude than was found between exposed leg elements Leg-element identity varies between groups; for explanation, see "Methods." Results for extremities control for body mass and phylogeny; T min , annual mean minimum temperature; a, degree of phylogenetic signal in the data (low values p strong); see Martins and Hansen (1997) for details. * Significant relationship.
and latitude. The difference is considerable in the Laridae, where 30% of the variation in bill length is explained by latitude, compared with just 2% in the exposed leg elements. In these groups, however, exposed leg elements do exhibit positive relationships with T min , with the trend being more strongly significant than for bill length in terns (table 1) .
Discussion
Our analyses provide compelling evidence, across several bird groups, supporting Allen's rule and suggesting that thermoregulatory constraints have been an evolutionary force shaping bird bill size. The pattern was strongly evident in the analysis of all 214 species, in relation to both latitude and temperature. Species' bill lengths are, on average, smaller at higher latitudes and in colder environments, after body mass and phylogeny are taken into account. The relationship was highly significant within the Canadian Galliformes, Spheniscidae, and Laridae, with up to two-thirds of the variation in bill size being explained by latitude. The toucans and African barbets (Ramphastidae and Lybiidae) showed no latitudinal relationship, unsurprisingly given that they are almost entirely confined to the tropics. However, great differences in altitudinal range are shown in these two groups, with some species, such as the mountain toucans Andigena species, known to be high-altitude specialists. Consequently, Allen's rule is supported by a significant negative association between altitude and bill length in these two groups.
There was strong evidence of bill lengths being shorter in colder temperatures (lower T min ) within Australian parrots, Canadian galliforms, penguins, and gulls. The lack of relationship in toucans and barbets is perhaps unsurprising, given that T min is estimated from latitudinal and longitudinal, rather than altitudinal, data. Terns showed no relationship between T min and bill size, which is unexpected given the latitudinal trend in the variable. However, terns are famously known for their wide geographical ranges, which may make interpretation of T min problematic.
The fact that these patterns are observed across species invites an evolutionary explanation. The most obvious explanation is that the thermoregulatory costs of larger bills become too extreme in colder environments. Hence, selection favors smaller bill sizes in birds that live in such environments, or bill size constrains the distribution of birds such that species with larger bills cannot exploit colder environments. An alternative to these constraint arguments is that in warmer environments there may be selection for larger bills to act as thermal windows in order to shed high heat loads associated with endothermy (sensu Tattersall et al. 2009 ).
The significant relationship between bill length and minimum temperature across all species, and within four groups, supports a thermoregulatory evolutionary explanation. While it is unfortunate that we cannot more definitively link our results to temperature in the other groups that exhibit latitudinal or altitudinal gradients, it is difficult to formulate a nonthermoregulatory explanation for the strongly significant patterns that we have uncovered. Nevertheless, it is possible that some factor other than temperature is driving the evolution of bill length in these species. One possibility is that the size of food being eaten by birds in our analyses is greater in warmer environments (Schoener 1971; Greenberg 1981) . Seed size, for example, is greater in the tropics (Lord et al. 1997) , so birds specializing on seeds in the tropics may require larger bills to handle these larger seeds. But in any case, arguments about changes in food size applied to granivores fail to explain the bill length trends in the piscivorous penguins and seabird groups and the omnivorous toucans, whose impressively large bills do not necessarily restrict their dietary habits (Short and Horne 2001) . While we cannot rule out a dietary contribution to the trends that we have observed, we think it is less parsimonious than a thermoregulatory explanation. The Australian grass finches (Estrildidae) are the exception in these analyses. Although trends in their bill lengths are negative with respect to latitude, and positive with respect to temperature, they are nonsignificant. In a brief discussion of Allen's rule as applied to bird beaks, Mayr (1970) suggested that exceptions to the rule would include birds of small body size, where there may be constraints on how small the beak can be and remain functional (in this case handling and cracking grass seeds). This argument is supported by the observation that in these birds, unlike all the other groups and morphological variables we have considered, there is no relationship between bill length and body size (see table A1 ).
We found equivocal evidence in support of Bergmann's rule (larger body sizes in colder climates; Bergmann 1847), which has had considerable support in other analyses of birds (e.g., Blackburn and Gaston 1996; Olson et al. 2009 ). Latitude was not related to body size in our analyses; however, body size in the full 214-species analysis was significantly related to T min , although the effect is not substantial ( ). Although Olson et al. (2009) found general 2 R p 2.18% support for Bergmann's rule across birds as a whole, they found that the pattern tended to disappear at lower taxonomic levels. We found a similar result. At the group level, only the penguins exhibited a significant body size trend with latitude or T min . The absence, except in Canadian Galliformes, of significant negative relationships between leg elements and latitude or altitude was not predicted. Since the legs are exposed body areas traditionally related to heat loss in birds (Ederstrom and Brumleve 1964; Steen and Steen 1965; Johansen and Millard 1973) , we expected them also to conform to Allen's rule. Nudds and Oswald (2007) also found that latitude explained relatively little of the variation in exposed leg elements, but, like Nudds and Oswald, we found significant (or near-significant) positive relationships between T min and exposed leg length in gulls and terns, supporting their conclusion that Allen's rule has played a role in shaping leg length in these birds. Galliformes aside, we did not find similar temperature-related patterns in the other groups in relation to leg-element length. One possible explanation is that, unlike Nudds and Oswald (2007) , we have not used exposed leg areas as a whole (tarsometatarsus plus toe), just parts of the exposed area (tarsus or toe). Additionally, our groups were not chosen on criteria based on leg structures, so other confounding selection pressures such as locomotory mode or food-searching strategy might be influencing these results.
Nevertheless, the results suggest that bird bills may show the effect of Allen's rule more strongly than do their limbs, the appendages usually considered in discussions of the rule. A possible explanation for this lies in the vascular anatomy and physiological regulation of limb heat loss. Blood flows continuously within a bird's limb in a counter-current manner, with the central arteries surrounded by veins. As a result, heat from arterial blood can be recovered by the veins, without the need for vasoconstriction, and retained within the body core or diverted through contractible shunt vessels along the axis of the limb when the aim is to dump heat to the environment (Steen and Steen 1965; Johansen and Millard 1973) . There is, as yet, no firm evidence that beaks possess such counter-current vascular arrangements. Ducks, for example, have a more random network of ramified blood vessels (Midtgard 1984) , making their bills a great source of heat exchange with the environment.
Our study provides the first comparative evidence that thermoregulatory considerations have shaped the evolution of bird bills and adds to the growing body of studies that are rescuing the relatively denigrated 133-year-old Allen's rule (Scholander [1956] described the rule has having been "demolished"). Coupled with recent evidence of the significant thermoregulatory properties of bird beaks (Tattersall et al. 2009 ), our results promote a new perspective on the factors shaping these most distinctive of animal structures.
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